Scanning tunneling spectroscopy on gold layers overcoating c-axis YBa 2 Cu 3 O 7ÿ (YBCO) films reveals proximity-induced gap structures. The gap size reduces exponentially with the distance from a-axis facets, indicating that the proximity effect is primarily due to the (100) YBCO facets. The penetration depth of superconductivity into the gold is 30 nm, in good agreement with estimations for the dirty limit. The extrapolated gap at the interface is 15 meV, similar to the value of an s-wave component of the order parameter measured at the YBCO surface in recent point-contact experiments. DOI: 10.1103/PhysRevLett.92.017003 PACS numbers: 74.81.-g, 74.50.+r, 74.72.Bk The mutual influence of a superconductor (S) in good electrical contact with a normal-metal (N), a phenomenon known as the proximity effect (PE), has been studied extensively for conventional low-temperature superconductors [1, 2] . However, the picture of the PE is not as clear for the high-temperature d-wave superconductors, such as YBa 2 Cu 3 O 7ÿ (YBCO), both experimentally and theoretically. In particular, local probe measurements of the PE, such as those performed for conventional proximity systems [3, 4] , are still lacking for these systems. In addition to the fundamental interest, the issue of the proximity effect is significant also from the point of view of applications, e.g., for superconductive electronic devices based on the Josephson effect.
The mutual influence of a superconductor (S) in good electrical contact with a normal-metal (N), a phenomenon known as the proximity effect (PE), has been studied extensively for conventional low-temperature superconductors [1, 2] . However, the picture of the PE is not as clear for the high-temperature d-wave superconductors, such as YBa 2 Cu 3 O 7ÿ (YBCO), both experimentally and theoretically. In particular, local probe measurements of the PE, such as those performed for conventional proximity systems [3, 4] , are still lacking for these systems. In addition to the fundamental interest, the issue of the proximity effect is significant also from the point of view of applications, e.g., for superconductive electronic devices based on the Josephson effect.
In a homogeneous conventional (s-wave) superconductor, the gap in the density of states (DOS) corresponds to the superconducting pair potential (PP), a measure of the ability of quasiparticles to form Cooper pairs [5] . In an N-S proximity structure, where the PP is not spatially uniform, the gap in the DOS does not necessarily reflect the PP. Ideally, an abrupt change in the pair potential can take place at the N-S interface: from a finite PP on the S side, to zero on the N side. However, the gap in the DOS, which is a measure of the local pair amplitude, may change smoothly across the interface, from the full bulk value deep in the S side to zero at a distance characterized by the penetration depth into N [1, 3, 4, 6, 7] .
For an anisotropic d-wave superconductor, the crystallographic orientation of the superconductor surface at the N-S interface can modify significantly the PE. For example, Josephson coupling was observed in hightemperature S-N-S junctions when the normal to the junction plane was along the a axis (transport into the a-b plane), but not when it was along the c axis (transport perpendicular to the a-b plane) [8, 9] . This implies that Cooper pairs can leak into N only along the CuO 2 planes. The penetration depth (the normal coherence length), N , of the Cooper pairs into N was extracted from the temperature and N-thickness dependencies of the critical current [9] [10] [11] . However, a direct local probe measurement showing the way in which the pair amplitude decays in N has not yet been performed. Another unresolved issue is the symmetry of the proximity-induced order parameter in N, when S has a bulk d-wave PP symmetry. Theoretical calculations show that the order parameter induced in the N side can have an s-wave symmetry [12, 13] . Kohen et al. found a d x 2 ÿy 2 is PP at Au-YBCO point-contact junctions, where the s component showed a systematic enhancement with increased junction transparency [14] , reaching a value of around 16 meV. This behavior was attributed to an unusual proximity effect that modifies the PP in YBCO near the N-S interface. In particular, it induces an s-wave component accompanied by a reduction in the dominant d x 2 ÿy 2 -wave PP. A question arises now regarding the connection between this s-wave component and the proximity-induced order parameter at the N side of the interface.
The PE can be directly investigated by measuring the evolution of the proximity-induced gap in the normalmetal DOS as a function of the distance from the N-S interface, using scanning tunneling microscopy (STM) [3, 4] . The magnitude of this gap is a measure of the local proximity-induced pair amplitude. In this work, we used c-axis YBCO films covered with gold layers of different thickness to study this gap evolution, in correlation with the gold thickness and the local surface morphology. (Unfortunately, this geometry does not allow monitoring the PE properties at the S side, as previously done by Levi et al. for Cu-NbTi junctions [3] .) In the present study, the tunneling spectra revealed an exponential decay of the proximity gap with distance from a-axis facets. This indicates that the PE is primarily due to the interface between the normal metal and the (100) YBCO surface, and not with the (001) surface. Interestingly, while this facet selectivity reflects the in-plane versus out-of-plane anisotropy in YBCO, the tunneling spectra measured on the Au layer exhibited isotropic behavior, suggesting that the proximity-induced order parameter may have s-wave symmetry. The superconductor penetration depth into the gold film was found to be N 30 nm, in good agreement with theoretical estimations for the dirty limit, and the extrapolated gap at the interface was about 15 meV, in accordance with the above observation of Kohen et al. [14] . Optimally doped epitaxial YBCO films of 50 nm thickness were grown on (100) SrTiO 3 wafers by laser ablation deposition, with c-axis orientation normal to the substrate (confirmed using x-ray diffraction), as described elsewhere [15] . Next, a gold layer was deposited in situ by laser ablation at a temperature of 150 C at a rate of 1
A=s and annealed for 1 h at this temperature before cooling down to room temperature. A total of 12 samples were prepared with gold thickness varying between 1.5 and 60 nm. A bare reference YBCO film showed a sharp (0.5 K wide) transition at 90 K and gap values of 18 to 20 meV. The samples were transferred from the growth chamber in a dry atmosphere and introduced into our cryogenic STM after being exposed to ambient air for less than 15 min. The YBCO films consisted of nearly square-shaped c-axis crystallites, 50 -100 nm lateral size and 10 -15 nm height [15, 16] , which had relatively large (100) facets. The tunneling spectra measured on top of the bare YBCO crystallites exhibited (by and large) V-shaped gap structures typical of c-axis tunneling [15] , further confirming the assigned crystallographic orientation. This crystalline structure was clearly observed, yet somewhat smeared, even after deposition of the thickest Au layer. The gold films revealed a granular morphology with surface grains of 10 nm in lateral size and rms height roughness of up to 1.5 nm (see Fig. 1 ).
Tunneling spectra (dI=dV vs V characteristics) were obtained by numerical differentiation of I-V curves that were measured in correlation with the topography by momentarily disconnecting the feedback loop. About ten curves were acquired at each position to assure data reproducibility. We also checked the dependence of the tunneling spectra on the voltage and current settings (i.e., the tip-sample distance, or the tunneling resistance values -in the range of 100 M to 1 G) and found no effect on the measured gap features. This rules out the possibility that these gaps are even partially related to single electron charging effects [17] .
A correlated topography/spectroscopy measurement manifesting the evolution of the gap structure with the distance from the crystallite a-axis facet is presented in Fig. 2 . The topographic image in Fig. 2(a) is of a 30 nm thick Au layer coating a YBCO film, showing a crystallite of about 90 nm in size (two edges are marked by white dashed lines). Tunneling spectra were obtained sequentially along the line marked by the arrow and are presented in Fig. 2(b) . The energy gap values were determined from the positions at which sharp changes of the slope were observed in the tunneling spectra (as marked by the arrow for the spectrum of the 2 meV gap). It is evident that the gap size reduces with increased distance from the crystallite edge, and at the same time the zero bias conductance increases. As discussed in details in Ref. [15] , such edges typically expose the (100) YBCO surface. Note that the maximal observed gap just at the edge, 6:7 meV, is still much smaller than the 20 meV gap of the bare YBCO sample. This is consistent with the presence of the Au layer that determines a minimal distance from the N-S interface, corresponding to the Au film thickness [see Fig. 1(b) ]. At larger distances from the edge, even for thinner gold layers, the gap structure practically vanished (due to the increase of the zero bias conductance it was hard to detect gap values much smaller than 2 meV).
The results described above clearly indicate that the PE originates primarily at the a-axis YBCO surface, whereas the contribution of the c-axis surface is negligible, in agreement with previous studies of the Josephson effect in related systems [8] . This behavior reflects the quasitwo-dimensional d-wave symmetry of the order parameter in YBCO. However, no clear indication of d-wave symmetry was found for the proximity-induced pair 9 JANUARY 2004 amplitude in gold. Unlike our previous observations for YBCO films [15] , the measured tunneling spectra did not exhibit anisotropy when measured on different faces of a gold grain. In particular, zero bias conductance peaks (ZBCP), which appear in tunneling spectra measured on the (110) surface of pure YBCO and were observed also on (110) nanofacets in c-and a-axis films [14, 18] , have never been observed on gold proximity layers thicker than 7 nm (on the verge of full gold coverage). They were observed only rarely for the thinnest layers that we measured, 5 nm thick and less. It should be pointed out, however, that (110) facets in the underlying YBCO films were not abundant in our samples (as revealed in our measurements of the bare YBCO film). We therefore measured (110) YBCO films overcoated by Au layers of various thickness. This latter study (to be published elsewhere) shows that the ZBCP decays significantly faster as compared to the present proximity-induced gap and was hardly observed on Au films thicker than 16 nm (smaller than N ; see below). The proximity-induced order parameter thus appears to lack clear d-wave signature and may possibly be predominantly s wave in nature, as is further discussed below.
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In Fig. 3 we display an accumulation of the proximity gaps measured on the gold surface as a function of the distance to the closest (relevant) S-N interface (solid circles). This distance was determined from the distance to the crystallite edge, measured from the STM topographic images, taking into account the nominal thickness of the gold film (that in many cases was larger than the lateral distance to the crystallite edge). The solid line represents a best fit to the standard exponential decay form of the gap [1, 6 ], x 0 expÿx= N . This fit was obtained for a penetration depth (normal coherence length) of N 29 nm, and an interface gap value 0 15 meV. Note that the value of N is much larger than the rms roughness of the gold films (less than 1.5 nm); thus local height fluctuations of the Au layer do not affect much the measured gaps.
The value extracted for the penetration depth is very close to that estimated for the dirty limit [1] , N hV FN l N 6k B T 33 nm. The latter estimation was obtained assuming that the elastic mean free path l N in the gold film is governed by grain boundary scattering, thus l N 10 nm, and taking the Fermi velocity in gold from the literature, V FN 1:4 10 6 m=s.
More interesting is the value we found for 0 . This value is similar to the magnitude of the s-wave order parameter component observed in YBCO in the pointcontact experiments of Kohen et al. [14] , for the most transparent Au-YBCO junctions measured. This s-wave component induced near the surface of YBCO, which has a dominant d x 2 ÿy 2 -wave order parameter, was attributed to an anomalous N-S proximity effect. We expect that in our samples the Au-YBCO electrical contact (or junction transparency) is at least as good as in the most transparent junctions reported in Ref. [14] , since our Au films were deposited onto the YBCO surface in situ, without breaking the vacuum. Therefore, a strong s-wave component may be induced at the YBCO-Au interface also in our case. It is possible then that this component plays a significant role in inducing the (isotropic) pair amplitude at the N side of the Au-YBCO junctions.
In summary, tunneling spectroscopy correlated with topographic measurements was used to observe the proximity effect on the normal side of highly transparent YBCO-Au junctions. The proximity-induced gap in Au decays exponentially with distance from a-axis YBCO facets, indicating that the PE is primarily due to the (100) YBCO surface. While this facet selectivity reflects the anisotropic nature of superconductivity in YBCO, the proximity-induced order parameter appeared to be isotropic, possibly of dominant s-wave symmetry. Interestingly, the interface gap correlates well with the recently observed proximity-induced s-wave order parameter in YBCO [14] , and the coherence length in Au, N 30 nm, conforms to ''conventional'' PE in the dirty limit.
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